Abstract-This study represents the first qualitative census of the reef fish assemblage of coral reefs in the vicinity of Andavadoaka, south-west Madagascar. Observational data of fish species sightings were collected over the course of a year, while visual census data, with low observer bias, detailing fish assemblage from the four major reef zones of the area were collected in a shorter 5-week period. A total of three hundred and thirty four (334) species from 58 families were recorded throughout the year, while one hundred and eighty seven (187) species were observed during the shorter assemblage study. The trophic habits of the fish population are comparable with other sites in the Western Indian Ocean, and suggest a healthy fish community, despite evidence of broad-scale damage from coral bleaching and associated mortality. The authors suggest that this can be explained by current relatively low levels of anthropogenic impacts from fishing. However, given the extent of regional reef degradation, fish species diversity may now be particularly vulnerable to future anthropogenic or climatic disturbances, such as increased fishing effort or renewed coral bleaching episodes.
INTRODUCTION
Although there have been a number of studies detailing fish populations in Madagascar (Maugé 1967; Harmelin-Vivien 1977; Harmelin-Vivien 1979) , few have been undertaken in the last 3 decades, and no such studies have been carried out in the remote northern areas of the large emergent reef system of the South-West of Madagascar. This extensive reef system stretches from Androka in the south to Morombe in the north, a total distance of some 458km (Cooke et al. 2000) . In the region of Toliara, the reef forms a large barrier (the Grand Récif de Tulear), while further to the north this barrier fragments, comprising a series of patch reefs and fringing reefs, the latter found both adjacent to the coast and surrounding barrier islands and sand cays.
The region's southern reefs were studied in the 1970s (Clausade et al. 1971; Pichon, 1972; Battistini, 1960) , although the majority of research focussed on the physical structure and benthic communities of the reefs (Pichon, 1974) . Of the few studies of reef fish that have been undertaken in the area, almost all have been restricted to the Grand Récif de Tulear (Maugé, 1967; HarmelinVivien, 1977; Harmelin-Vivien, 1979) . Coral reefs throughout the region provide a vital resource base for local traditional and artisanal fisheries.
Marine biodiversity is threatened throughout the world's oceans (Bellwood et al. 2004; Sala & Nnowlton 2006; Worm et al. 2006) . From a biogeographical perspective, marine diversity checklists are critical to identifying geographical variations in species distributions between regions. This knowledge forms a fundamental precursor to understanding processes regulating marine biodiversity, and predicting potential consequences of biodiversity loss to ecosystem function (Bellwood & Hughes 2001 ). In the Indo-Pacific province such diversity assessments provide a means of understanding longitudinal and latitudinal gradients of species richness away from the Indo-Philippines 'centre' of marine biodiversity (Hughes et al. 2002) . Coral reef fish species inventories for the western Indian Ocean region are limited in their coverage (Chabanet & Durville 2005) and no data have yet been published detailing reef fish assemblages for the northern areas of the south-west Madagascar reef system. Of particular importance to diversity assessments in the region is a better understanding of faunal differences between the extensive coral reefs of south-west Madagascar and other sites in the south-west Indian Ocean. This study aims to address this gap in published records, presenting research from Andavadoaka to provide an ichthyological baseline for this poorly known region.
MATERIALS AND METHODS

Description of study site
The small fishing village of Andavadoaka (22˚07S, 43˚23E, Fig. 1 ), situated at the extreme northern end of this reef system, some 140 km north of the Grand Récif, lies on the edge of a shallow lagoon, protected from the open Mozambique Channel by extensive coral reefs. In addition to the fringing reefs that characterise much of the coastal marine environment of the south-west, several banks rise up in the shallow waters on the seaward side of these reefs, and a series of 5 offshore islands, numerous uninhabited islets and submerged barrier reefs also support substantial coral growth.
The Andavadoaka reef system comprises 3 major reef types: inshore fringing reefs; seaward fore-reefs and lagoonal patch reefs. Inshore fringing reefs are found adjacent to the coast, following the length of much of the coastline in the region, descending to, and terminating at, the lagoonal floor at approximately 10 m depth. These reefs mark the start of a wide lagoon, between 10 and 30 m in depth, which runs to approximately 8 km offshore before shelving more steeply towards the continental shelf break. Between 6 and 8 km offshore, a broken line of islands and sand cays, each fringed on the seaward side by a barrier fore-reef, protects much of the shallow lagoonal environment from open ocean swells. Within the lagoon itself numerous small patch reefs can be found between 10 and 30 m depth (Figure 1 ).
Methodology
In order to establish baseline data to compile a regional inventory of fish species present in the region, ongoing sightings of all species were recorded by the authors from all day-time research dives undertaken for a period of one year at reefs throughout the Andavadoaka region, between April 2004 and April 2005.
Alongside this total species census, surveys of spatial assemblages of fish populations were undertaken at a number of selected sites within the region's reef systems, in order to ascertain relative species abundance between different reef types within the region. These studies were carried out through the collection of site-specific fish species assemblage data during daytime dives at the end of the austral summer (February-March 2005) over a 5-week period.
For this site-specific study, inshore fringing fore-reefs were surveyed at a depth of between 5 and 10m. Patch reefs were surveyed at depths between 10 and 18m, and barrier fore-reefs were surveyed in two depth zones; 5-10m and 10-18m. Surveys of all sites were performed by a visual census technique using a single observer to minimise observer bias, according to the visual census methodology of English et al. (1997) , using 30 minute timed swims, with careful recording of each species observed on an underwater slate. Species unidentifiable in situ were recorded with a camera for subsequent expert identification. Estimates of numbers of individuals of each species were made using a semi-quantitative root 4 scale to facilitate recording of large numbers of fish, as shown in Table 1 .
Visual censuses typically underestimate cryptic species (Fowler, 1987) . Moreover, it is not possible to standardise the survey effort spent in actively 'hunting' for cryptic species that might be camouflaged on the benthos or concealed in reef crevices. Therefore to minimise observer bias, only non-cryptic species were recorded for the site-specific spatial assemblage study: species that required active searching on the reef were not included. For the purpose of this study, non-cryptic fish species were considered as all fish species not showing cryptic patterning or behaviour, and being large enough to be clearly and immediately visible to surveyors, thus not skewing results of surveys. In excluding cryptic species it was assumed that the proportion of cryptic species at a reef site remains approximately constant between different sites and depths of coral reefs. Based on this assumption, this preclusion would not affect measures of the relative species abundance between sites.
Each selected geomorphological class or reef (inshore fringing fore-reefs; patch reefs; shallow barrier fore-reefs; and deep barrier fore-reefs) was surveyed at five randomly selected survey sites, with the exception of the patch reefs, which were surveyed three times (Figure 1 ). Efforts were made to ensure that different survey sites within each geomorphological class of reef showed a similar reefscape (Gonzalez-Gandara et al. 1999) to the other survey sites carried out within that geomorphological reef class. In addition, the time of surveying was standardised between 0900 and 1400 to avoid the possible effect of temporal variation in assemblages. To minimise the effect of disturbance caused by divers entering the water, prior to each survey divers waited for 5 minutes to allow the fish in the area to return to normal behaviour.
Data Analysis
In addition to basic descriptive analysis of data, multivariate analyses were carried out to test for differences between samples. It was recognised that similarities between samples calculated on original species abundance values were likely to be dominated by a small number of highly abundant species. The root 4 transformation ( Randall & Eschmeyer, 2001 6 Scorpaenopsis diabolus (Cuvier, 1829) 6 applied when recording data in the field, provided a means of down-weighting the importance of highly abundant species so that sample similarities depended not only on their values but also those of less common ('mid-range') species. Hierarchical agglomerative clustering with group-average linking, based on Bray-Curtis sample similarities (appropriate for delineating groups into distinct community structure) was used to find natural groupings of samples using Primer 6 multivariate analysis software. Sites were then discriminated on the basis of their species composition using non-metric multi-dimensional scaling (MDS) and analysis of similarities (ANOSIM) testing, the latter routine being used to identify significant differences between groups of samples defined a priori. By using the non-metric MDS approach, different reef sites (samples) can be considered to have differing fish community compositions when different samples derived from one reef site form a cluster that is distinct from replicates within other sites. A theoretical value of species richness (SR th ) was calculated, based on the regression formula produced by Allen & Werner (2002) , to account for the effect of sampling effort in results obtained from the global species census, and to facilitate comparative analysis of species richness data with other reference sites in the Indo-Pacific region. Calculation of SR th is based on an index of fish diversity (coral reef fish diversity index, CFDI). CFDI is equal to the total number of species observed within the acanthuridae, scaridae, labridae, pomacentridae pomacanthidae and chaetodontidae. The theoretical value SR th = 4.234 (CFDI) -114.446.
In order to analyse spatial variation in trophic assemblages of species recorded at study sites during the one-year study, species were categorised to one of 8 trophic levels using data from previous studies described in literature (Hiatt & Strasburg 1960; Hobson 1974; Harmelin-Vivien 1979) and from FishBase (http://www.fishbase.org). The 8 categories of feeding habits were: herbivore; omnivore; browser of sessile invertebrates; diurnal carnivore; nocturnal carnivore; piscivore; diurnal planktivore; and nocturnal planktivore. This approach also enabled subsequent trophic assemblage comparisons with other analyses conducted in the region (Durville et al. 2003 , Chabanet & Durville 2005 . Planktivores feeding on fish nekton were classified as planktivores rather than piscivores in order to be consistent with the studies of Harmelin-Vivien (1979) and Hiatt & Strasburg (1960) .
RESULTS
Species Richness
During the year-long study, a total of 334 species was observed, representing 58 families (Table  1) . Of these, 7 species were cartilaginous (Class Chondrichthyes), while the remaining 327 species were bony fish (Class Osteichthyes). 48.2% of the species observed belonged to seven major families: labridae (36 species); pomacentridae (31 species); serranidae (23 families); acanthuridae (22 species); chaetodontidae (18 species); scaridae (16 species); and lutjanidae (12 species). Of the remaining 51 families, 23 showed only a single species. During the 5-week period of the spatial assemblage study, 187 species were observed, 56% of the total number of species recorded in the year-long study.
Trophic Structure
76% of total species observed were carnivores, feeding on fish, invertebrates or zooplankton (Fig.  2) . Of these, the largest number of species observed (28% of the total) were diurnal carnivores, such as the labridae. The nocturnal carnivores (such as lethrinidae and lutjanidae) were the second most highly represented, showing 21% of the total species observed. Piscivores (serranidae), browsers of sessile invertebrates (chaetodontidae) and diurnal planktivores (caesionidae) are similarly represented, each showing 8% of total species observed. The final group of carnivores, the nocturnal planktivores (such as apogonidae) are represented by 3% of the total species observed. Omnivores (such as pomacentridae) and herbivores (mainly acanthuridae and scaridae) each represented 11% of the total species observed.
Spatial variation in assemblage
Survey stations showed strong similarity in assemblage within reef types, and distinct dissimilarities in assemblage between different reef types (Figures 3 and 4) . MDS ordination plots This observation does not imply that groups have no characteristics in common, but that different characteristic patterns of fish assemblage are found consistently within the different groups. These differences are confirmed by results of a 2-way crossed ANOSIM test for differences between depths and reef zones across all samples. Results show total separation of samples between depths (global R = 1.0, p = 0.8%) and very strong separation between reef types (global R = 0.98, p = 0.1%). In both cases, the observed sample statistic and significance level rejects the null hypotheses that there is no difference in fish species assemblage between different depths and reef types. Fish species assemblages found at deep barrier fore-reef and lagoonal patch reef sites show the strongest between-group similarities ( Figure 4 ): deep barrier fore-reef areas showed an average of 82 species per survey, very similar to the lagoonal patch reefs (average 88 species per survey). All shallow forereef and inshore fringing reef survey sites showed markedly lower numbers of species per survey (59 and 61 respectively).
DISCUSSION
Species Richness
A total of 334 species was observed over the year of sampling. As with all visual censuses, underestimation of cryptic species makes it likely that total species numbers are considerably higher than those found in this study (Fowler, 1987) . Seasonal variation was observed in certain species, most noticeably in the seasonal arrival of large shoals of Sphyraena flavicauda in the months of February and March. The majority of reef species (for example Ctenochaetus striatus) were present in surveys throughout the year. This figure of species richness is comparable to that found during other studies in the Western Indian Ocean (Durville et al. 2003; Chabanet 1994; Chabanet 2002; Chabanet & Durville 2005; Harmelin-Vivien 1979) , although some of these studies were performed over much shorter time periods (Durville et al. 2003; Chabanet 2002 ) with more intensive sampling than was possible during this study (Durville et al 2003) .
The 187 species observed in the limited sampled surveying during 5 weeks of the spatial assemblage study may represent a temporal "snapshot" of species present at the specific reef zones studied. The species richness for Andavadoaka is higher than that found for the Glorieuses Islands (332 species; Durville et al. 2003) Chabanet, 1994) and Mayotte (239 species; Chabanet 2002). These results are also consistent with the usual trend of isolated island-associated reefs to show lower diversity than equivalent areas associated with larger land masses (Randall, 1998) . According to the CFDI predictor formula an approximate total of 453 species could be expected, indicating that 73% of the predicted total fish fauna was surveyed. This difference is proportionately similar to published theoretical (SR th ) versus observed (SR obs ) species richness values for other sites in the region (Chabanet & Durville 2005) . Despite their comparatively higher species richness, Andavadoaka's reefs are subject to chronic and rapidly growing subsistence and commercial fishing pressures which are not experienced at less exploited reference sites in the Western Indian Ocean (notably Glorieuses Islands, Juan de Nova, and Geyser and Zéléé). Fishing is the primary economic activity for 71% of Andavadoaka's population of 1200 (Blue Ventures Conservation unpublished data), and communities throughout the region fish for subsistence as well as for income, selling catches to a rapidly growing commercial export market. The population of the Toliara grew by 324% between 1975 324% between and 1993 324% between (Cooke et al. 2000 and limited employment opportunities and low agricultural productivity resulted in a fivefold increase in the region's fishing population in a period of 17 years leading up until the early 1990s (McVean et al., 2005) . Andavadoaka has seen a doubling of population input rate (births and immigration arrivals per year) in the 10 years leading up to 2003, with over 50% of the population being 14 or under (Blue Ventures Conservation unpublished data).
Alongside direct fishing pressure, the reefs of south-west Madagascar have experienced widespread degradation as a result of the coral bleaching and mortality events of 1998 and 2001 (Cooke, 2003) . Almost all shallow reef areas in the region are now highly degraded. Low levels of hard coral and high algal dominance in these areas have resulted in a structurally poor environment, particularly in shallow reef environments; a factor which has been shown to lead to lower fish species richness in other areas (Gratwicke & Speight, 2005) .
The adverse effects of bleaching-associated coral mortality and fishing on coral reef fish species richness are well documented (McClanahan 1994; Wantiez et al. 1997; Jones et al. 2004) . It is likely that Andavadoaka's fish species richness has been reduced by these impacts. Supporting this assertion, the two areas of shallow reef studied showed lower species numbers than the deeper areas. These shallow sites experience greater fishing pressures than deeper reefs, and are likely to have experienced greater thermal stress than deeper sites during bleaching events.
Andavadoaka's species richness is far higher than that found on the Grand Récif of Toliara in 1979 by Harmelin-Vivien, despite experiencing widespread reef mortality which was not present at the time of the 1979 study. Fishing pressures were also unlikely to have been at existing levels of intensity during the 1979 Toliara study, which is currently the only comparable fish biodiversity assessment for southern Madagascar. The higher species richness recorded in Andavadoaka, despite their current degraded status, suggests that the area is of significant regional importance for fish biodiversity and conservation.
Trophic Structure
Despite the degraded state of Andavadoaka's shallower reefs, which could be expected to impact the number of carnivorous species observed on the reef (Harmelin-Vivien 1992), 74% of species observed were carnivores. According to HarmelinVivien (1979) , observed carnivore levels on a healthy reef are usually between 60 and 80%, depending on geographic location. This suggests that the fish communities of Andavadoaka are in good health, despite the high fishing effort and mortality episodes that have occurred over the last decade. This indication is similar to that of Durville et al. (2003) , who also found very little impact on fish populations following a bleaching event; although in this case the reefs of the Glorieuses islands are dominated by calcareous algae rather than hard corals, and fish populations may have been less susceptible to the effects of reef bleaching than at Andavadoaka reefs.
Notwithstanding these observations of encouraging species richness in Andavadoaka, the longer-term impacts of past mortality events on fish trophic structure and species richness remain to be seen. If Andavadoaka's degraded reefs remain in an algal-dominated state they are likely to suffer further physical deterioration, erosion and decreasing structural complexity, leading to loss of species within key functional groups of reef fish, and substantial reductions of species richness, as has been recorded elsewhere in the south-west Indian Ocean (Graham et al. 2006) . Durville et al. (2003) have compared the levels of carnivores/omnivores/herbivores across the western Indian Ocean area, to which the findings of the current study have been added (see Table  3 ). These data support the assertion of Durville et al. that the reefs of the Glorieuses islands and also other reefs of the Mozambique Channel (Geyser, Mayotte, Juan de Nova) come closest to the reefs of south-west Madagascar in terms of reef fish trophic structure.
Spatial variation in assemblage
With the exception of the deep barrier fore-reef and patch reef sites, there are distinct differences in assemblage between reef types, with pronounced differences between the two shallow reef types as well as between shallow and deep sites. It is well established that fish assemblages change along a depth gradient (Harmelin-Vivien, 1977; McGehee, 1994; Williams, 1991) , however within this study the additional large difference between (Cooke, 2002) , however the proximity of the inshore fringing fore-reef to the coast, and its easy accessibility to fishers, means that fishing pressure is much higher at this shallow near-shore reef system. The deep-water reef-fishing techniques of the indigenous Vezo population (currently limited to line fishing) play a role in limiting over-exploitation of the deeper reefs, and it is possible that populations of reproductive adults at deeper, less exploited, reef sites may support continued recruitment at more degraded sites in the area, thus maintaining species richness of the shallower sites. In addition to experiencing lower biomass removal through fishing, the shallow barrier fore-reef is a much higher-energy system with greater architectural complexity, exhibiting pronounced spur and groove formations. This habitat is constantly exposed to the prevailing sea surge, and as such is unsuitable for the establishment of territorial benthic herbivores such as pomacentridae. Conversely, the inshore fringing reef is a much lower energy environment, sheltered by the barrier islands and wide lagoon, and capable of supporting higher populations of benthic territorial grazers. As evidence for this suggestion, shallow fore-reef areas showed higher numbers of non-territorial herbivorous species, such as acanthuridae and scaridae, and fewer benthic territorial herbivores.
CONCLUSION
This baseline study indicates that, despite broad-scale loss of reef structure due to bleaching-related coral mortality, reef fish populations in Andavadoaka are similar both in terms of species richness and trophic structure to those of more "pristine" reefs studied elsewhere in the western Indian Ocean, and have not decreased from historical pre-bleaching studies undertaken elsewhere in southern Madagascar. This observation suggests not only that the levels of bleaching and subsequent reef degradation in Andavadoaka have not yet been sufficient alone to produce the catastrophic decreases in fish biodiversity observed elsewhere (Cumming et al. 2000; Bruno et al. 2001) but also that direct anthropogenic impacts from fishing have not yet caused a reduction of fish species richness in the Andavadoaka region. At a local level, however, there are distinct differences in species richness between the four reef types studied in Andavadoaka, which may be due, in part, to fishing pressure. Shallow reefs (shallow barrier fore-reef and inshore fringing forereefs) have been heavily degraded by bleaching events and show lower numbers of species and lower abundance of species than deeper sites (deep barrier fore-reef and deep patch reef). In the event of intensified anthropogenic or increased natural and climatic stresses on the region's reefs (for example a change in fishing gear technology, increase in exploitation, direct reef damage by commercial trawlers, or further severe or prolonged bleaching event), the current low coral cover and poor structural complexity of the region's reefs may make them vulnerable to a collapse in fish populations and ecosystem function. In light of current growth rates of coastal populations, and predictions of continued increases in sea surface temperature as a result of global climate change (West & Salm, 2003) , it is likely that stresses on southern Madagascar's reef environments will increase, making them more vulnerable to the potentially severe detrimental effects associated with artisanal fisheries (Watson & Ormond, 1994) .
